333

Study of Fuel Quality in the State of Maranhdo Through Principal Component Analysis
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This study evaluated the quality of S10 and S500 diesel sold in the state of Maranhéo, using data from the
National Petroleum Agency (ANP) and the Principal Component Analysis (PCA) technique, to identify patterns
in quality indicators. PCA simplified the data, highlighting the most relevant characteristics that influence diesel
quality. The results revealed relationships between indicators and groups of samples with similar characteristics,
which can be helpful for fuel monitoring. The research demonstrated that PCA is an effective tool to assist in
the assessment and control of fuel quality, highlighting the importance of continuous monitoring and advanced

statistical analysis in determining fuel quality.
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In Brazil, fuels are produced in several different
regions and basins. The quality and properties
of these hydrocarbons depend on their region of
origin. However, these characteristics are also
subject to change at the retail stations. Currently,
there are approximately 43,266 petroleum
product resale stations distributed throughout the
country [1], which undergo regular monitoring
and inspection processes throughout the year.
To this end, the National Petroleum and
Biofuels Agency (ANP) set up the Fuel Quality
Monitoring Program (PMQC) in 1998, which is
used to identify areas of fuel non-compliance.
The analysis of these samples refers to various
technical requirements established by the program.
The fuels most consumed in Brazil are gasoline
and diesel [2,3]. Diesel is the primary fuel used
to transport passengers, cargo, and agricultural
products in Brazil.

In February 2024, diesel production in Brazil
increased by approximately 8.5% compared to
the previous year and continues to exceed growth
expectations for the current year [4]. Maranhdo
reflects this national diesel consumption, mainly
due to intense agricultural activities and cargo
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transportation. In terms of characteristics, diesel
has chains composed of 8 to 16 carbons and has
lower concentrations of nitrogen, sulfur, and
oxygen [3]; however, these characteristics can be
transformed with the addition of other substances.
Fuel contamination can cause several problems in
terms of burning and storage quality, the latter of
which is directly related to the oxidative stability of
fuels, referring to how well they resist degradation
processes [5]. Additionally, interference in fuel
composition is a concern, primarily due to engine
operation and the release of atmospheric pollutants.
In this regard, the monitoring and control of these
fuels are critical, as indicated by the compliance
indices (%IC) observed in the PMQC [6].

Identifying these parameters can ensure that
the fuels that reach the consumer are increasingly
better. Monitoring is now carried out in most
of Brazil, in partnership with educational and
research institutions. According to the ANP
Statistical Yearbook [7], in 2020, Maranhao had
1,477 fuel retail outlets. The following year, it
monitored 170 municipalities, with 192 samples
of ethanol, 1,035 of gasoline, and 1,021 of diesel
oil.

In Maranhao, fuel quality analysis is carried
out by the Laboratory of Analysis and Research
in Petroleum Analytical Chemistry at the Federal
University of Maranhdo (LAPQAP/UFMA). The
laboratory's objectives are to automate the analysis
and data processing processes as a decision support
tool. A single sample offers a set of variables [8],
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so the acquisition of fuel samples from Maranhao,
collected together with all their physicochemical
properties, constitutes a  high-dimensional
database, making it difficult to process them.
In this sense, the main characteristics analyzed
for diesel types are Distillation (10% and 50%),
Specific Mass at 20°C, Biodiesel Content, Boiling
Point, and Color.

Advances in computational techniques for data
analysis are becoming increasingly important
for classification. Thus, a common technique is
Principal Component Analysis (PCA) [9]. PCA is
a technique that has been applied to the treatment
of multivariate data and has yielded satisfactory
results [8]. As it is an exploratory technique, it
enables the identification of correlations between
quality indices, the analysis of irregular samples,
and the examination of relationships between
measured variables, as well as the identification
of relationships or groupings within samples.
This type of analysis can offer a more efficient
arrangement of data distribution in a smaller set
than the original, while preserving most of the
information.

Therefore, this paper proposes the application of
Principal Component Analysis for the exploratory
analysis of fuel quality data, aiming to reduce data
dimensionality and identify possible patterns and
correlations between fuel quality indicators in the
state of Maranhao.

Principal Component Analysis (PCA)

Principal Component Analysis applied to the
analysis of data with a large number of variables
can be described as presented by Correa [10] as a

Equation 2.

method that evaluates interrelationships with the
"aim of recognizing patterns in the distribution
of samples, evaluating the relationship between
samples and variables, and also detecting
the presence of samples that show a distinct
behaviour (outliers)". PCA is a dimensionality
reduction technique that transforms a data set with
a large number of variables into a smaller set.
Data reduction using PCA is achieved by linearly
combining the correlations ofthe original variables.
In this way, a smaller representation is obtained
through the resulting principal components
(PCs). The mathematical model behind PCA can
be described as follows, where the matrix X is
decomposed according to Equation 1 [10, 11].

Xnxm = UnxnZnxm Vn?z‘xm (1)

Where n is the number of samples and m is
the number of initial attributes that make up the
data set of interest, X. The PCA assumption is that
the first component should have the maximum
variance explained and the second the variance not
explained in the first component [ 10]. While Unxn
e Vmxm are orthogonal and X is a diagonal matrix
made up of the singular values [11]. Moreover, P
is the weight matrix in which the elements in each
column correspond to the coefficients of the linear
combinations of the original variables, as shown
in Equation 2 [10].

The results of applying PCA can be visualized
using score plots, where the main relationships
between the variables are clearly visible. With
the different groupings of samples, similarities
and differences, as well as trends and outliers, are
identified.
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Materials and Methods

To conduct this research, the state of the art
on the subject was initially surveyed. After this,
data on fuel quality in the state of Maranhao were
acquired from the ANP's open database [12]. This
data is obtained through the ANP's Fuel Quality
Monitoring Program (PMQC).

The PMQC provides data on the analysis of the
quality of diesel oil, hydrated ethanol, and gasoline.
For this research, data were collected through
the monitoring of the quality of ordinary diesel
fuel (S10 and S500), with samples taken from
various fuel stations in different municipalities in
Maranhao throughout 2023.

After selecting the data, it was processed in
accordance with the objectives of this work.
Samples of ordinary S10 and S500 diesel oil
and the tests corresponding to these samples
were selected. These tests make up the group of
variables used to apply the PCA technique. Figure
1 shows the characteristics analyzed by PCA in
this study.

In Figure 1, the diagram shows the fuels
analyzed and their respective tests. Samples with
null data for the tests were excluded from the
study. For the ordinary diesel oil samples selected,
the following tests were considered as variables
for the application of PCA: (1) distillation - 10%,
(2) distillation - 50%, (3) specific mass at 20°C,
(4) biodiesel content, (5) flash point, and (6) color.
As the result of the color test is found in the data
set as a word, rather than a number, for the PCA
application, these results were replaced with
numerical values (Table 1).

Table 1. Numerical correspondents assigned to
the colors of the samples for the application of
PCA in Matlab.

Sample Color Corresponding Number

Yellow 1
Orange 2
Red 3

After selecting the characteristics to be
analyzed using PCA, a data matrix was assembled,
with rows containing samples of standard diesel
oil (S10 and S500) and columns containing the
variables corresponding to these samples, forming
a 775 x 7 matrix. With the matrix formed, an
algorithm was implemented in MATLAB R2023b
software (academic version) to apply PCA to the
study dataset.

Results and Discussion

The application of the PCA technique to the
data sets related to fuel quality in the state of
Maranhao, as provided by the PMQC bulletins
available on the ANP website, enabled the
acquisition of results in the form of graphs and
tables relating to the application of this technique
to the data under study.

Table 2 presents the percentage of explained
and accumulated variance values, as well as the
number of principal components (PCs) obtained
by applying the PCA method to the data for the
S10 and S500 ordinary diesel fuel samples.

Figure 1. Diagram illustrating the characteristics analyzed by the PCA technique in this research.

Characteristics

Analyzed by PCA Common Diesel Oil

of
)

Distillation - 10%
Distillation - 50%

)
)
Tests + 3) Specific mass at 20°C
(Variables) + 4) Biodiesel content
+ 5) Flash Point
+ 6) Color
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Table 2. Values, in percentages, of explained
variance and accumulated variance obtained by
applying PCA to the data referring to S10 regular
diesel oils and S500 regular diesel oils.

PC Explained Accumulated
Variance (%) Variance (%)
1 36.68 36.68
2 18.25 55.63
3 14.53 70.16
4 13.18 83.34
5 11.26 94.61
6 5.39 100.00

According to Table 2, the 6 PCs obtained
after applying PCA to the diesel oil samples are
observed. Therefore, this number of PCs was
modeled in the algorithm implemented in Matlab.
One of the objectives of applying the PCA
technique is to reduce the dataset's dimensionality
without losing information. Therefore, when
applying this technique, the result must show
that the maximum number of PCs needed to
represent the data set is lower than the number of
original variables considered in the analysis [13].
Therefore, in this work, the application of PCA
made it possible to reduce the number of variables
analyzed, eliminating the PCs that presented lower
explained variance. In this study, the explained
and accumulated variances represent how the
chemical information distributed in the original
variables can be represented by a smaller number
of variables, which are the PCs.

Thus, it was found that it is possible to eliminate
PC6, which has the lowest explained variance
(5.39%), and still have more than 94% of the data
explained by the set of data analyzed with only
the five remaining PCs, leading to a reduction in
the dimensionality of these data. Furthermore, it
is observed that the PC's that most contribute to
the representation of the information contained
in the common diesel oil data are the first four

PC's, which together represent more than 80%
of the total variance of these data, with PC1 and
PC2 being the ones that contribute most to this
representation.

Figure 2 shows graphs with data from diesel oil
samples before applying PCA (see Figure 2 (a))
and a biplot graph of scores and loadings of PC1
in relation to PC2 after applying PCA (see Figure
2 (B)).

When comparing Figure 2(a) with Figure 2(b),
it is observed that the application of PCA allows
for a better visualization of the data related to the
diesel oil samples. Furthermore, Figure 2(b) shows
that after applying PCA, a grouping was obtained
between data from samples of the same type and
a separation between data referring to samples of
standard diesel oil S10 and data referring to diesel
oil samples standard S500.

The data for standard diesel oil S10, which is
further removed from the vast majority of data
(see Figures 2(a) and 2(b)), corresponds to the
samples that, in the tests, exhibited an orange
color, a distinct color from the others observed.
Because, in the other samples, the S10 diesel oil
presented a yellow color in the tests. S500 diesel
oil was red in the tests.

Thus, it is observed that color was a determining
variable for both the grouping and separation
of data for standard diesel oil S10 and S500.
Figure 2(b) presents data relating to diesel
oil samples in the biplot graph of scores and
loandings obtained after applying PCA, in which
each symbol represents a sample of standard
diesel o0il S10 or S500 in relation to PC1 and PC2,
which are the scores. The blue lines represent the
weights of the analyzed variables (tests referring
to these samples, which PMQC carried out) in
relation to PC1 and PC2, which are the loandings.
When analyzing the biplot graph, it is essential
to consider that the relevance of the variables
analyzed in this study can be measured by the size
and direction of loadings (blue lines on the biplot
graph). In this case, the biodiesel content variable
has a greater weight in relation to the PC2 axis.
On the other hand, the color variable, represented
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Figure 2. Graphs with data from standard diesel oil samples S10 and S500: (a) graph with data before
applying PCA; (b) biplot graph of scores and loandings with the data after applying PCA.
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in Figure 2(b) by line 6, has a greater weight in
relation to the PC1 axis.

The PCs are the new variables obtained through
the application of PCA, and they are capable of
explaining a certain amount of characteristics of
the analyzed dataset, in this case, the samples of
standard diesel oil S10 and S500. According to the
explained and accumulated variances presented in
Table 2, it is observed that PC1 and PC2 explain
over 50% of the data set analyzed in this study.
Thus, the variables biodiesel content and color
contribute more to explaining the variations
present in the data from the standard diesel oil
samples S10 and S500.

Analyzing Figure 2(b), it is possible to observe
correlations between the variables being analyzed.
As the straight lines represent the original variables
analyzed, it is observed that there is a correlation
between the variables biodiesel content (4) and
flash point (5) in relation to the color variable (6).
This correlation can be observed, as the straight
lines have an angle of almost 180° between them,
indicating that the variables related to these straight
lines are correlated and inversely proportional to
each other [13].

According to the results obtained, it is noted
that research carried out on the quality of S10 and
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S500 diesel in the state of Maranhdo is of great
relevance both for the state, where the fuel sector
plays a crucial role in energy supply, and for
assessing fuel quality, which is essential to ensure
engine efficiency, reduce atmospheric emissions,
and protect public health. The application of
Principal Component Analysis (PCA) enables
you to monitor diesel quality more precisely,
identifying patterns and trends that help classify
and control the fuel, thereby guaranteeing that end
consumers receive quality fuel.

Conclusion

The use of the Principal Component Analysis
technique is relevant when we want to simplify
the analysis of large datasets. In this study, the
application of the PCA technique to data from
samples of standard diesel oil (S10 and S500)
allowed for an exploratory analysis of several
variables that contribute to determining the quality
of this fuel. We observed that applying PCA to data
from diesel oil samples enabled a reduction in the
dataset's dimensionality withoutloss of information
by extracting the main components. Therefore,
the first four PCs are capable of representing the
variance of more than 80% of the studied dataset.
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Furthermore, the color variable was highly relevant
for analyzing these results, as it is a crucial factor
in determining the groupings and separations
between the analyzed diesel oil data, in addition
to correlating with other variables studied, such
as biodiesel content. Therefore, color can help in
determining possible patterns existing between
the characteristics of the data referring to samples
of standard diesel oil S10 and S500.

Therefore, the application of PCA provided
both data dimensionality reduction and the
identification of groupings and correlations
between the analyzed variables, thus allowing
the objective of this work to be achieved. This
demonstrates that this technique can contribute
to the ongoing improvement of programs such as
the ANP's PMQC, thereby enhancing the quality
of fuels sold at stations not only in the state of
Maranhao but also throughout Brazil.

For future work, it is proposed to apply the
Principal Component Analysis technique to other
fuels, such as gasoline and ethanol, to verify the
accuracy of this technique in these additional fuels
and in a larger dataset.
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